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Abstract. One year’s worth of magnetospheric plasma analyzer data from three
Los Alamos geosynchronous satellites are used for a statistical study of proton
and electron fluxes at geosynchronous orbit and their dependence on local time
(LT) and geomagnetic activity level as measured byKp. When displayed as a
function of LT andKp, the fluxes exhibit distinct boundaries, which are shown to
be consistent with a combination of a global pattern of particle drift through the
magnetosphere and loss processes mainly due to charge exchange of the ions and
auroral precipitation of the electrons. A Hamiltonian energy conservation approach
combined with the(U;B;K) coordinate transformation introduced byWhipple
[1978] is used to calculate the theoretical position of the separatrix between open
and closed drift trajectories (Alfv´en layer) as a function of particle species, energy,
local time, and geomagnetic activity level. The comparison of the theoretical
boundaries with the observations confirms the predictions of plasma sheet access
to the geosynchronous region. The analysis also provides independent statistical
support for previously derived relationships betweenKp and the strength of the
global convection electric field.

1. Introduction

The plasma sheet represents an important region in the
Earth’s magnetosphere that is the source of the higher-energy
particle population that is injected into the inner magneto-
sphere during magnetic substorms [e.g.,DeForest and McIl-
wain, 1971;McComas et al., 1993;Birn et al., 1997;Kerns
et al., 1994;Burke et al., 1995;Liemohn et al., 1998]. Fur-
thermore, the plasma sheet is believed to be the direct source
of ring current particles [e.g.,Smith et al., 1979;Chen et al.,
1994]. For this reason many ring current simulations have
used the plasma sheet properties as an outer boundary condi-
tion for their calculations [e.g.,Wolf et al., 1982;Chen et al.,
1994;Fok et al., 1996]. The simulations have shown that the
plasma sheet density has a direct influence on the strength
of the ring current. More recent simulations actually use
geosynchronous observations as boundary conditions [Jor-
danova et al., 1998;Kozyra et al., 1998b]. Such measure-
ments provide a direct means of determining whether or not
in any given event the plasma sheet has access to geosyn-
chronous orbit and hence to the inner magnetosphere. The
purpose of this study is to explore on a statistical basis the
conditions under which plasma sheet material has access to
geosynchronous orbit and to compare that statistical assess-
ment with the expectations based on a simple model of con-

vective transport in the inner magnetosphere.

In this study we expand on previous work byMaurice
et al. [1998], who examined the hot-ion properties at geo-
synchronous orbit under quiet magnetospheric conditions.
We use a large database of magnetospheric plasma ana-
lyzer (MPA) data collected from Los Alamos geosynchro-
nous satellites to address statistically the question of the ac-
cess of plasma sheet material to geosynchronous orbit and
its dependence on local time and geomagnetic activity. The
observations are compared with the access predicted for par-
ticle drifts in global magnetic and electric fields. We find
that the plasma sheet particles do, in fact, have access to
geosynchronous orbit, except for particles with higher ener-
gies during times of very low magnetic activity. Moreover,
on a statistical basis, the access of particles to this region can
be understood with the conventional drift paradigm, and the
Kp index provides an appropriate proxy for the strength of
the convection.

2. Particle Drift Description

The guiding-center drift velocity of a particle within the
Earth’s magnetosphere can be expressed as [Kivelson and
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Russell, 1995, p. 307]

vD =
E�B

B2
+
Fext �B

qB2
+
Wkin;?B�rB

qB3

+
2Wkin;kr̂c �B

qRcB2
;

(1)

whereE is the macroscopic electric field;B is the magnetic
field;Fext represents an external force;Wkin;k=

1
2
mv2k and

Wkin;? = 1
2
mv2? are the particle’s kinetic energies paral-

lel and perpendicular toB, respectively;Rc is the radius of
curvature of the magnetic field line; andr̂c is a unit vector
outward from the center of curvature. The terms in (1) are
calledE � B drift, external-force drift, gradient drift, and
curvature drift.

The complex drift trajectories resulting from (1) can be
well described by a Hamiltonian energy conservation ap-
proach with an appropriate coordinate transformation [Whip-
ple, 1978]. The main idea is the following: If a particle
of arbitrary charge, energy, and pitch angle conserves the
first two adiabatic invariants, it also conserves its total en-
ergy [e.g.,Kivelson and Russell, 1995, pp. 308–309]. For
a time-stationary magnetic field (hence neglecting any in-
ductive electric fields) the electric field can be written as the
gradient of a scalar potentialU . Thus the total energy is

Wtot = qU +Wkin = qU + �Bm; (2)

whereBm(K) is the magnetic field intensity at the mir-
ror point,K is the modified second invariant [e.g.,Taylor
and Hones, 1965;Roederer, 1970], and� = 1=2mv2?=B
is the magnetic moment. Owing to the conservation of to-
tal energy, a coordinate transformation into the(U;B;K)
space leads to simple drift trajectories [Whipple, 1978], since
dW=dt = 0 = d(�Bm)=dt+ d(qU)=dt results in

@U

@Bm

= �
�

q
: (3)

Equation (3) states that all particle drift trajectories in the
(U;B;K) space are straight lines with the slope��=q. For
a dipole magnetic field and a shielded cross-tail plus coro-
tation electric field, the mapping into the(U;B;K) space is
double valued [cf.Whipple, 1978]. This ambiguity can be
resolved by splitting the magnetosphere into a dayside and a
nightside. The boundary between the two halves of the mag-
netosphere is the locus of all points where the magnetic field
intensity reaches an extremum on the equipotentials. For the
electric field models considered in this study, the separator
is the dawn-dusk meridian.

The potential configuration due to superposition of a
shielded cross-tail field with a corotation field is

U(r; �) = �
a

r
� br sin(�); (4)

wherer is the distance from the center of the Earth,� is
the magnetic local time referred to noon rather than mid-
night,  is the shielding exponent, anda = 92:4 kVRE is
the corotation constant [e.g.,Southwood and Kaye, 1979].
The shielding exponent was proposed byVolland[1973] and
Stern[1975] and has been estimated by these authors to be
�2. This result was confirmed by various authors [e.g.,May-
nard and Chen, 1975;Ejiri , 1978;Ejiri et al., 1978;South-
wood and Kaye, 1979;Elphic et al., 1999]. The coefficientb
determines the cross-tail electric field strength, which varies
with the level of geomagnetic activity. A number of authors
have expressedb as a function of theKp index. The present
study provides an independent assessment of the suitability
of some of these parametrizations.

As pointed out by many authors, a potential function of
the form of (4) produces two classes of equipotentials: Near
the Earth there is a class of potential contours which are
continuous around the Earth, corresponding to cold-plasma
drift trajectories that are closed; at larger distances, the po-
tential contours extend from the geomagnetic tail, in toward
and around the closed-contour region and out to the day-
side magnetopause. At dusk the separatrix between open and
closed equipotentials corresponds to a stagnation point in the
flow, i.e.,@U=@r=0. Using (4), the distance at 1800 LT to
this separatrix between open and closed cold-plasma drift
trajectories is found to be

rs =

�
a

b

� 1
+1

: (5)

At midnight the radial distance to the separatrix equipoten-
tial is related tors through (4):

rm =
rs

1 + 1


: (6)

Combining (5) and (6) provides a relationship between the
cross-tail electric field intensity and the equatorial distance
of the separatrix at midnight:

b =
a


�
1 + 1



�+1
r+1m

: (7)

The nightside separatrix should approximately mark the
inner edge of the electron plasma sheet [e.g.,Elphic et al.,
1999, and references therein]. As argued by previous au-
thors, the inner edge of the electron plasma sheet maps down
to the equatorward boundary of the auroral oval [Gussen-
hoven et al., 1981, 1983]. Denoting the invariant latitude of
this boundary at midnight as�m, we thus obtain for a dipole
field:

b =
a


�
1 + 1



�+1 �cos2 �m�+1 : (8)
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The latitude of the equatorward edge of the diffuse aurora
has been determined from DMSP measurements of precipi-
tating plasma sheet electrons and has been shown to be well
correlated withKp [Gussenhoven et al., 1981, 1983]. From
a large body of DMSP measurements, Gussenhoven et al.
found the empirical relationship�m = 67:8 � 2:07Kp. In-
serting this expression into (8) thus provides a method for
obtaining the cross-tail electric field, which will be referred
to as the Gussenhoven method.

Another parametrization for the cross-tail electric field
was derived byMaynard and Chen[1975] from Ogo 3 and 5
midnight plasmapause crossing data. For a shielding expo-
nent = 2 the cross-tail electric field dependence on the
Kp index was found to beb = 0:045=(1 � 0:159Kp +
0:0093Kp2)3. This expression for the strength of the con-
vection field will be referred to as the Maynard method in
this paper.

For simplicity we now consider only equatorially mir-
roring particles. As a result the modified second adiabatic
invariantK is zero at all times and hence can be ignored.
We note that a comparison of this simplification with the
observations will not be strictly valid since our study in-
volves spin-averaged flux data. However, the observed ratio
of perpendicular to parallel temperature is usually greater
than 1 (T?=Tk=1:25 (median), 1.12 (25th percentile), 1.36
(75th percentile)), indicating that pitch angles closer to90Æ

are favored, so theK =0 assumption should still provide a
reasonable comparison.

With a dipole magnetic field in the equatorial plane given
by B(r; �) = BE=r

3, the potential at the dawn-dusk termi-
nator becomes

U(B) = �b

�
BE

B

� 

3

� a

�
B

BE

� 1
3

; (9)

where the positive sign represents the dawn terminator and
the negative sign gives the dusk terminator.

Within this drift scenario, particle fluxes should be or-
ganized by the boundaries between open and closed drift
trajectories. These boundaries are known as Alfv´en layers
[e.g.,Schield et al., 1969, and references therein] and can be
identified in the(U;B) space as the straight lines (3) that are
tangent to the curves (9) [Whipple, 1978]. By transforming
the coordinates of these straight lines from the(U;B) space
back into the Cartesian space, the Alfv´en layers for protons
and electrons are obtained. Figures 1 and 2 (left and mid-
dle) show the Alfvén boundaries derived for various ener-
gies atKp=0 andKp=4 evaluated with the Gussenhoven
=2 model. The Earth is shown in the center of each graph,
and the dashed circle is the location of geosynchronous or-
bit at a distance of6:6 RE from the Earth’s center. Fig-
ures 1 and 2 (right) show the corresponding local time of

the Alfvén boundary at geosynchronous orbit forKp rang-
ing from 0 to 9. The shaded regions show the local time
ranges for which geosynchronous orbit lies inside the sepa-
ratrices, on closed drift paths. For example, Figures 1 and 2
show that at low values ofKp (i.e., for weak convection), the
higher-energy position of the plasma sheet population does
not have access to geosynchronous orbit.

3. Instrumentation and Data Analysis

Since 1989, Los Alamos National Laboratory has fielded
magnetospheric plasma analyzers on several satellites in
geosynchronous orbit. The MPA instrument is an elec-
trostatic analyzer measuring three-dimensional energy per
charge distributions of ions and electrons. The energy range
extends from�1 eV/q to �40 keV/q. A detailed instru-
ment description is given byBame et al.[1993] andMc-
Comas et al.[1993]. The routine processing of MPA data
includes the calculation of several moments of the particle
distributions, as well as spin-averaged fluxes at each of the
40 energy levels for both electrons and ions. These prod-
ucts are archived separately from the full three-dimensional
distributions. This reduced data set forms the basis of the
present work. For this study we use 1 year’s worth of data
(1996) from three different satellites, corresponding to ap-
proximately 1 million data points with a time spacing of 86 s
on each satellite.

The data are processed in the following way: The data
points for each half hour of local time covered by one satel-
lite on a given day are extracted from the database, and the
median of the observed parameter is calculated. By calculat-
ing the median instead of the average value, outliers in the
measurements are eliminated. (Calculations using the aver-
age value do not lead to significant differences in the statis-
tics.) Magnetosheath and boundary layer intervals are ex-
cluded by accepting only measurements with a proton den-
sity of<3 cm�3 and a perpendicular proton temperature of
>2000 eV. The half-hour median values are then sorted into
bins according to local time and geomagnetic activity, rep-
resented by theKp index. Finally, for each LT-Kp bin, the
average of all the median values is calculated.

The distribution of data points included in eachKp bin is
equal to theKp occurrence distribution shown in Figure 3.
The distribution in LT for eachKp range was fairly uniform,
so Figure 3 provides a good indication of the significance of
the derived values in variousKp ranges. In general, the best
statistical representation is achieved for the most common
geomagnetic activity levels in theKp range from1� to 3.
The better statistics in this activity range will be manifested
as smoother transitions between the bins in the distributions
presented below. Figure 3 also indicates that 1996 was a
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Figure 1. Open/closed drift separatrices for different energy protons, (a) 30,995 eV, (b) 10,647 eV, (c) 2790 eV, (d) 969 eV,
and (e) 10 eV, calculated assuming a cross-tail electric field that is parameterized byKp, for Kp = (left) 0 and (middle) 4.
(right) LT andKp dependence of the geosynchronous crossings of the separatrices. TheKp dependence of the convection
field strength is based on the Gussenhoven model for=2. Areas of closed drift paths are shaded at right.



Plasma sheet access to geosynchronous orbit 5

Kp Index 0 Kp Index 4
Geosynchronous

Alfven Layer Crossings
3
1
0
3
9

eV
1
0
4
7
2

eV
2
7
8
3

eV
9
1
3

eV
1
0
3

eV
a)

b)

c)

d)

e)

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

Y
(R

)
E

X (R )
E

open

closed

K
p

In
d

e
x

Local Time [h]

K
p

In
d

e
x

Local Time [h]

K
p

In
d

e
x

Local Time [h]

K
p

In
d

e
x

Local Time [h]

K
p

In
d

e
x

Local Time [h]

Figure 2. Open/closed drift separatrices for different energy electrons, (a) 31,039 eV, (b) 10,472 eV, (c) 2783 eV, (d) 913 eV,
and (e) 103 eV, calculated assuming a cross-tail electric field that is parameterized byKp, for Kp = (left) 0 and (middle) 4.
(right) LT andKp dependence of the geosynchronous crossings of the separatrices. TheKp dependence of the convection
field strength is based on the Gussenhoven model for=2. Areas of closed drift paths are shaded at right.
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Total Samples: 2928

Figure 3. Occurrence frequency ofKp for 1996.

relatively lowKp year.

4. Observations

The results from the statistical analysis of spin-averaged
proton and electron fluxes are displayed in a special form
which can be understood with the help of an example shown
in Plate 1 for the proton flux of the 30,995 eV channel.
As mentioned in section 2 the geosynchronous Alfv´en layer
crossings at various geomagnetic activity levels (Plate 1a,
adapted from Figure 2a, left and middle) can be transformed
into a representation of the crossings as a function of local
time andKp (Plate 1b, adapted from Figure 2a, right). For
easier differentiation between the open and closed drift tra-
jectory regions, the closed regions are shaded. The curves in
Plates 1a and 1b represent the Gussenhoven=2 model.

In Plate 1c the LT/Kp locus of the Alfvén layer crossings
from Plate 1b, as well as for the other convection models
we have examined, is overlaid onto the LT/Kp distribution
of average fluxes, compiled as described above. The fluxes
are color coded according to the color bar shown next to the
graph. The black regions indicate data unavailability, and
white bins contain flux values exceeding the maximum of
the corresponding color bar.

The average observed fluxes for various energies of pro-
tons and electrons are shown in Plates 2 and 3, respectively,
in the same manner as illustrated in Plate 1c. The corre-
sponding drift separatrices for each energy level, as well as
the LT/Kp dependence of the geosynchronous Alfv´en layer
crossings, can be found in Figure 1 for the protons and Fig-
ure 2 for the electrons.

Distinct boundaries are evident in the fluxes displayed in
Plates 2 and 3. Some of these boundaries appear to coin-

cide with the calculated open-closed drift boundaries. The
sections of the calculated curves that appear to correspond
to apparent boundaries in the observed fluxes are marked as
thick lines in Figures 1 and 2. We now consider in more
detail the implications of these comparisons.

4.1. Protons

In Plate 2a the proton fluxes for the high-energy chan-
nel (30,995 eV) are low at all local times for lowKp val-
ues. As shown in Figure 1, under low-activity conditions,
geosynchronous orbit should lie entirely within the region
of closed drift trajectories for particles of this energy and
should thus be inaccessible to fresh plasma sheet material,
consistent with the observed low fluxes. With rising geo-
magnetic activity the Alfv´en layer moves closer and closer
to the Earth, giving the plasma sheet access to geosynchro-
nous orbit at an increasing range of local time centered at
dusk. Consistent with this expectation, higher fluxes in this
energy range are indeed observed at these local times, and
the flux boundary is generally well described by the calcu-
lated boundary between open and closed drift paths at most
local times. The exception is a region before noon where the
fluxes are substantially lower than in the open drift path re-
gion on the nightside. More will be said below about this ap-
parent depletion, which was also noted byMcIlwain [1972].
The models best representing the statistical flux distribution
are the curves using the Gussenhoven=3 method and the
Maynard method.

For the next lower proton energy, 10,647 eV (Plate 2b),
the models predict that open drift trajectories have access
to geosynchronous orbit in the premidnight region at low
Kp values. The observed flux boundary is in remarkably
good correspondence with this expectation, showing a clear
drop in the flux rate around midnight at the predicted transi-
tion from open to closed drift trajectories. Above aKp of�3
the model predicts that geosynchronous orbit should lie on
open drift trajectories at all local times. Thus we would ex-
pect to see plasma sheet flux levels at all local times. Instead,
the flux rates at highKp show the same drop at increasing
local times as the ones at lower geomagnetic activity levels.
This behavior can be interpreted, through reference to Fig-
ure 1, as evidence for the action of significant loss processes
during the drift through the near-Earth region (see alsoMau-
rice et al.[1998] andKistler et al.[1989]). The obvious flux
boundary in Plate 2b clearly corresponds to the thick curve
shown in Figure 1b (right). By comparison with Figure 1b
(middle), it can be seen that this boundary separates drift tra-
jectories that take a direct dawnside route from trajectories
that follow the long, circuitous route around the duskside
of the Earth. Plasma sheet ions taking the long route have
a longer time to suffer losses and hence reach the prenoon
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Plate 1. Illustration of drift-trajectory analysis of geosynchronous flux occurrence statistics for protons with an energy
of 30,995 eV. (a) Open/closed drift separatrices in the equatorial plane for 30,995 eV protons forKp = 0 andKp = 4.
(b) Corresponding LT/Kp locus of the Alfvén layer crossings calculated by the Gussenhoven=2 model. (c) Curves of the
geosynchronous Alfv´en layer crossings for different models, overlaid on the average fluxes measured in this energy channel.
The dotted, solid, and dashed curves represent shielding factors = 1; 2; 3; respectively, for the Gussenhoven model; the
Maynard=2 model is shown as a dash-dotted curve.

sector with significantly lower fluxes. These loss processes
themselves cannot be explained by the Alfv´en layer model,
but the transition between the open drift trajectory region
of fresh proton plasma passing the Earth at dawn and the
open drift trajectories of depleted protons moving clockwise
around the Earth produces a clearly observed flux boundary.
The depletion suffered by the protons is principally caused
by atmospheric losses, charge exchange, and Coulomb col-
lisions [e.g.,Kistler et al., 1989;Fok et al., 1991;Jordanova
et al., 1996;Kozyra et al., 1998a]. In the energy range of our
study, charge exchange is the most important loss process
for protons [Fok et al., 1991;Jordanova et al., 1996]. The
observed boundary in Plate 2b appears to be best modeled
using the Gussenhoven=2; 3 and the Maynard methods.

At an ion energy of 2790 eV the theoretical separatrices
illustrated in Figure 1c become complicated, especially at
lowerKp. Close inspection shows that there is, nonetheless,
a good correspondence between the predicted boundaries
and the flux observations shown in Plate 2c. In Plate 2c the
region of closed “banana” orbits predicted near dusk at low
Kp is clearly absent of significant fluxes. The clear boundary
just before noon corresponds to the transition from paths that
bring fresh plasma sheet material rather directly around the
dawn side to the longer drift paths taken by plasma sheet ions
coming around the dusk side (see Figure 1). As discussed
above, the flux drop at this boundary is again indicative of
appreciable losses during the drift from the nightside. The
predicted “boundary” near midnight does not correspond to
any flux discontinuity (Plate 2c) because it is a boundary
based on the future motion of the particles (whether they will
go to dawn or dusk), rather than a boundary in the source
properties. None of the convection models appears particu-
larly superior for this energy range.

For protons of lower energies (. 1 keV) the bulge of the
closed orbit region is found at dusk instead of dawn (Fig-
ure 1d), consistent with the observed low proton fluxes at
969 eV in the evening sector atKp < 3 (Plate 2d). At
higherKp, when the Alfvén layer is completely earthward
of geosynchronous orbit and banana orbits exist, a dark lane
occupies the region between the two afternoon separatrices.
From Figure 1d, it is apparent that this region corresponds to
drift paths that are very circuitous and probably exposed to
significant losses for a long time. At this energy the Gussen-
hoven =2 method leads to the closest fit to the statistical
boundary.

Temporarily postponing our discussion of Plate 2e, we
first turn to Plate 2f, which shows the statistical distribution
of proton fluxes between 1 and 10 eV. This flux distribu-
tion in this energy range is essentially a mirror image of
the 30 keV channel: The closed drift trajectories have the
high fluxes, while the open drift trajectories are essentially
empty, at least on the nightside. This mirror image reflects
the different sources of the low- and high-energy ion pop-
ulations: The high-energy protons originate in the plasma
sheet, whereas the cold particles originate in the ionosphere
and are only able to achieve significant flux levels in the
region where flux tubes can circulate many times around
the Earth, i.e., the plasmasphere [e.g.,Nishida, 1966]. The
presence of significant cold-proton fluxes on presumably
open drift trajectories in the afternoon sector is attributable
to plasmaspheric drainage and plasmasphere refilling pro-
cesses. Drainage occurs when a rapidly increasing convec-
tion electric field moves the zero-energy Alfv´en layer closer
to the Earth, so that dense, cold plasma that was previously
on closed drift trajectories finds itself on open drift trajec-
tories that drain to the magnetopause [e.g.,Chen and Gre-
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Plate 2.The 1996-averaged proton flux for six different energy channels, (a) 30,995 eV, (b) 10,647 eV, (c) 2790 eV, (d) 969 eV,
(e) 67 eV, and (f) sum of 1–9 eV, binned according to LT andKp. Black indicates no data available, and white bins contain
fluxes that exceed the corresponding maximum of the color bar. The overlaid curves represent the local times of geosynchro-
nous Alfvén layer crossings as a function of theKp index (see also Figure 1) for the Gussenhoven model (dotted curve,=1;
solid curve,=2; dashed curve,=3) and the Maynard model (dash-dotted curve,=2).
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Plate 3. The 1996-averaged electron flux for six different energy channels, (a) 31,039 eV, (b) 10,472 eV, (c) 2783 eV,
(d) 913 eV, (e) 403 eV, and (f) 103 eV, binned according to LT andKp. Black indicates no data available, and white bins
contain fluxes that exceed the corresponding maximum of the color bar. The overlaid curves represent the local times of
geosynchronous Alfv´en layer crossings as a function of theKp index (see also Figure 2) for the Gussenhoven model (dotted
curve,=1; solid curve,=2; dashed curve,=3) and the Maynard model (dash-dotted curve,=2).
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bowsky, 1974;Elphic et al., 1996, 1997;Borovsky et al.,
1998]. In addition, plasma sheet flux tubes that are orig-
inally empty of cold plasma are “refilled” (or, more prop-
erly, “filled”) with outflowing ionospheric material as they
convect across the dayside magnetosphere [e.g.,Chappell,
1972;Thomsen et al., 1998;Lawrence et al., 1999], which
also leads to higher cold-proton fluxes in the afternoon sec-
tor. The shape of the evening flux boundary in Plate 2f is
best approximated with the Gussenhoven=1 method.

The statistical distribution of the 67 eV ions (Plate 2e)
does not appear to be organized by any of the calculated
open-closed drift boundaries, which raises the question of
what may be the source of this population. The plasma sheet
is usually too hot to be a good source at these energies. On
the other hand, unlike the cold plasma, these particles do not
seem to build up in the closed drift region, suggesting that
ionospheric refilling processes are not the source. Rather,
the source appears to be on open drift trajectories after mid-
night, particularly at higher activity. This population may be
produced by auroral upflows, or it might represent the low-
energy edge of a cooler dawnside plasma sheet. An analysis
of the pitch angle distribution of these ions may help dis-
criminate between these possibilities.

4.2. Electrons

The elecron flux statistics (Plate 3) are also consistent
with the hypothesis that the particle flux boundaries depend
on a global convection pattern, coupled with loss processes
(in this case, precipitation rather than charge exchange).

The electron drift pattern is much simpler than the drift
pattern of the protons since the sum of gradient and corota-
tion drift always results in a counterclockwise motion of the
electrons around the Earth. Thus the bulge of the electron
Alfv én layers is always at dusk, and there are no banana-
shaped drift orbits as there were for the lower-energy pro-
tons. For higher energies (e.g. 31,039 eV, Figure 2a), geo-
synchronous orbit should be completely embedded in the
trapped orbit region forKp values below�3, leading to low
electron fluxes of these energies at all local times, as seen
in the statistics (Plate 3a). As the geomagnetic activity in-
creases, the Alfv´en layer moves closer to the Earth, exposing
geosynchronous orbit to the plasma sheet for an increasingly
wide local time interval centered at 600 LT. For all electron
energies the most distinct Alfv´en layer crossing in Plate 3
is the transition from the trapped to open drift trajectories
in the premidnight region. As the electrons move to the day-
side, they precipitate rapidly into the ionosphere, causing the
fluxes to decrease [e.g.,Thomsen et al., 1998]. By the time
geosynchronous orbit enters the trapped orbit region on the
dayside, the electron fluxes in the open drift trajectory region
are so far depleted that the crossing is not detectable. This

observed behavior is the same for lower-energy channels as
well. The appropriate shielding exponent implied by the ob-
servations in Plate 3 seems to be energy dependent: While
the statistical boundaries of higher-energy channels are best
fit by the Gussenhoven=3 model or the Maynard model,
the Gussenhoven model with a smaller shielding exponent
provides a better match at lower energies.

5. Discussion

5.1. Access

The observations show that the average plasma sheet ac-
cess to geosynchronous orbit varies with local time,Kp in-
dex, and particle species and energy. Moreover, the shapes
of the apparent observational boundaries of the differential
fluxes in Plates 2 and 3 are consistent with the flux boundary
curves calculated by a relatively simple electric field model.
This leads to the conclusion that an electric field consisting
of a superposition of a shielded cross-tail electric field and a
corotation field is suitable for modeling average conditions
at geosynchronous orbit. The boundaries between open and
closed drift regions on the nightside are particularly clear.
The agreement between observations and this model con-
firms that theKp index provides an appropriate parametriza-
tion of the convection electric field.

On the dayside the model boundaries between open and
closed drift trajectories are often invisible. Potentially, this
could happen if the average convection changes on time-
scales shorter than the particle drift time. However, an anal-
ysis of the autocorrelation time of theKp index, which is a
measure of the persistence time of the geomagnetic activ-
ity, results in values of 33 hours or greater, depending on
the year analyzed. This time is long compared to a typical
drift time of�12 hours. Thus the flux measurements can be
considered correctly binned, and the dayside view is just a
time-lagged view of the nightside. More likely, the absence
of discernible dayside boundaries is due to the fact that the
fluxes have been greatly diminished by the time they reach
this region. This strong depletion at essentially all energies
supplies clear evidence for the operation of loss processes
such as ion charge exchange and electron precipitation men-
tioned in section 4.

A definite determination of the shielding exponent for the
convection electric field cannot be made from the results pre-
sented here because we have compared the statistics for spin-
averaged fluxes with the predictions for90Æ pitch angle par-
ticles. Preliminary calculations forK 6= 0 particles suggest
that, especially for the higher-energy channels, the model
boundaries are very sensitive to the pitch angle. This may
explain why the preferred shielding exponent appears to be
energy dependent (Plates 2 and 3). Nevertheless, a shield-
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ing exponent of�2 appears to provide a suitable match to
the observed boundaries. More precise statements concern-
ing the shielding exponent could potentially be made using
the data set with pitch angle resolved, but this is beyond the
scope of this paper.

The low-energy proton channels (Plates 2c–2e) and the
low-energy electron channels (Plates 3e and 3f) show par-
ticularly high fluxes in the prenoon sector for higher geo-
magnetic activity levels. These high fluxes are not related to
spacecraft charging since our analysis procedure specifically
rejects fluxes that may be affected by charging.

5.2. Applications

Besides the differential fluxes, the MPA database also
contains various plasma parameters that are obtained from
the fluxes through moments calculations [Thomsen et al.,
1999]. As mentioned in section 1, these bulk properties are
often used as boundary conditions in ring current simula-
tions. The density and temperature are calculated separately
for the lower-energy channels from 1 to 100 eV and for the
higher-energy range from 100 eV to 40 keV. The density
and temperature statistics for the higher-energy populations
of each species at geosynchronous orbit are shown in Plates
4a–4d in the same format as the flux plots in Plates 2 and 3.
Because these bulk moments represent weighted sums of the
different energy channels, the statistical distributions shown
in Plate 4 can be readily understood by reference to the dis-
tributions shown in Plates 2 and 3 for the individual energy
levels.

5.2.1. Density. On the nightside the density profiles
(Plates 4a and 4b) represent the average access of plasma
sheet material to geosynchronous orbit. ForKp values.3,
electron and proton density profiles peak near local midnight
and decrease toward dawn and dusk. The electron density
(Plate 4b) shows a rapid density decrease from midnight to
dusk caused by lack of electron access to geosynchronous
orbit (see Plate 3). The resulting dark lane on the evening-
side represents a region dominated by closed drift trajecto-
ries for electrons in the main plasma sheet energy range of
a few hundred to a few thousand eV. The electron density
decrease toward dawn can be explained by loss processes
mainly due to electron precipitation.

For the protons the density distribution similarly reflects
the flux distribution for the main plasma sheet ion energy
range, approximately a few keV to a few tens of keV (com-
pare Plates 2b and 2c). The decline in density from midnight
toward dawn reflects the lack of dawnside access for plasma
sheet ions of�10 keV, while the density decrease from mid-
night toward dusk is at least partly attributable to the exclu-
sion of plasma sheet ions with energies�1 to a few keV. At
higher values ofKp there is a persistent dawn-dusk asym-

metry in the proton density that would not seem to be due
to lack of access to plasma sheet trajectories. Rather, the
asymmetry may be due to the fact that the ions take longer
to drift to the duskside than the dawnside, with correspond-
ingly greater losses. The further reductions in ion density
toward noon are clearly evidence for such losses [Maurice
et al., 1998].

A further interesting aspect of the ion and electron den-
sity distributions in Plates 4a and 4b is the clear tendency to
see higher densities atKp & 4, especially on the dawnside.
These increases occur essentially across the entire primary
plasma sheet energy range for both species (see Plates 2
and 3). We do not presently have an explanation for these
enhanced densities. However, a study on the central plasma
sheet byWing and Newell[1998] reveals high proton den-
sities along the dawnside low-latitude boundary layer. This
high-density region moves closer to the Earth as the geomag-
netic activity level increases. Drifting on the right trajecto-
ries, these particles could cause the geosynchronous density
to be enhanced at dawn during these times, but the use of
more sophisticated models for the magnetic and electric field
will be necessary to pursue this question.

5.2.2. Temperature. While the density profiles show
the average access of plasma sheet particles to geosynchro-
nous orbit, the temperature profiles reflect primarily the ac-
cessibility of high-energy particles. The ion temperature
profile shows a cool region at dawn, which is a region of
trapped orbits for the higher-energy plasma sheet particles.
IncreasingKp allows high-energy particles access to geosyn-
chronous orbit over a broader local time range.

Similarly, in the electron temperature profile, the band of
low temperatures in the dusk region identifies the LT range
where only the lower-energy portion of the plasma sheet has
access. The high-energy electrons can reach geosynchro-
nous orbit only atKp values� 2�, explaining the low elec-
tron temperatures over the entire orbit for smallKp values.
At high Kp the high electron temperatures in the postmid-
night region are due to the substorm injection and subse-
quent drift of energetic plasma sheet electrons.

The preceding discussion suggests that caution should be
used in making comparisons of the geosynchronous den-
sity and temperature statistics with magnetotail values of
these parameters: Since higher-energy plasma sheet parti-
cles cannot access geosynchronous orbit at lowKp values,
the full plasma sheet population is not sampled there at such
times. Furthermore, as noted above, the temperatures shown
in Plate 4 have been calculated based on observed fluxes up
to only�40 keV. They may thus underestimate the true tem-
perature during times when particles at higher energies are
present in abundance [e.g.,Birn et al., 1997]. This is primar-
ily a problem for the ion population.
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Plate 4. Geosynchronous bulk properties: (a) proton density, (b) electron density, (c) perpendicular proton temperature,
(d) perpendicular electron temperature, (e) proton pressure, (f) average electron temperature.
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5.2.3. Proton pressure. Multiplication of the proton
density and temperature measurements result in the proton
pressure (Plate 4e). The pressure distribution is an indica-
tion of where currents are flowing, since the current density
is related to the pressure gradient byj? � (B � rp)=B2.
Even though the proton density and temperature have signif-
icant azimuthal gradients on the nightside, the two quantities
seem to balance each other, producing a more nearly uniform
proton pressure across the nightside magnetosphere. This
suggests that at geosynchronous orbit, radial currents in the
equatorial plasma sheet are rather small.

5.2.4. Spacecraft charging. In a thick sheath approx-
imation, where the Debye length is large compared to the
spacecraft radius (which generally applies to geosynchro-
nous satellites since for a typical plasma sheet density of
n = 1 cm�3 and an electron temperature ofTe & 200 eV,
the Debye length is�D&100m), the spacecraft surface po-
tential relative to the ambient plasma is given byV ��hTEi
[Garrett and Rubin, 1978;Garrett, 1981]. The average elec-
tron temperaturehTEi can be calculated by combining the
properties of low- and high-energy electrons:

hTEi =
nle Tle + nhe The

nle + nhe
; (10)

wherenle=he andTle=he are electron density and temperature
for low energies (le) and high energies (he), respectively. As
discussed by other authors [e.g.,McComas et al., 1993], the
MPA instruments typically float somewhat negative relative
to the ambient plasma. Hence low-energy ambient electrons
are repelled from the spacecraft. Furthermore, because of
differential surface charging effects, the low-energy electron
measurements are also contaminated by trapped photoelec-
trons. Therefore, to estimatehTEi, the low-energy electron
densitynle in (10) is replaced by the measured density of
low-energy protonsnlp, under the assumption that the two
densities are approximately equal. In addition, the tempera-
ture of the low-energy electronsTle is estimated to be 5 eV.
(The value chosen forTle is of little importance for the out-
come of the statistics.) The statistics of the resulting aver-
age electron temperature at geosynchronous orbit (Plate 4f)
show high values on the nightside magnetosphere, especially
between midnight and dawn, indicating the likelihood of sig-
nificant surface charging for spacecraft moving through this
region. A similar observation has been made byMcPherson
et al. [1975], who analyzed operational anomalies of sev-
eral satellites, which occurred mainly between 2300 LT and
600 LT. Those authors identified charge buildup through in-
tense fluxes of energetic electrons associated with substorm
injection events as the cause of the satellite operating anoma-
lies. The statistics in Plate 4f also indicate aKp dependence
on the average electron temperature, as observed byGarrett

and Rubin[1978]: the higher the geomagnetic activity level,
the higher the average electron temperature found.

5.3. Comparison With ATS Measurements

A previous analysis of the statistical properties of the
geosynchronous plasma environment was reported byGar-
rett et al. [1981a, b] from ATS 5 and ATS 6 measurements.
Among other things these authors examined the local time
dependence of density and temperature at geosynchronous
orbit. Their results are compared with the MPA statistics
in Figure 4 for threeKp values approximately matching the
most common values during the ATS measurements.

The local time dependence of the MPA and ATS 5 proton
densities shows the same qualitative behavior, even though
the absolute values differ about a factor of�2 (Figure 4a).
This discrepancy may be due to differences in the energy
ranges of the instruments and the method chosen for the mo-
ments calculation. The ATS 6 proton density curve differs
vastly from the other measurements because it includes mea-
surements that extend down to�1 eV, whereas ATS 5 ex-
tends down to 50 eV [Garrett et al., 1981b] and the MPA
(high energy component) density includes only measure-
ments above 100 eV. The MPA proton density shows only
a very slight dependence on the geomagnetic activity level
in the Kp range between 1 and 3, which is in agreement
with analysis of the ATS data [cf.Garrett et al., 1981b, Fig-
ure 3a].

The qualitative dependence of the MPA electron density
on local time is in agreement with both the ATS 5 and ATS 6
measurements, although the absolute value is instrument de-
pendent (Figure 4b). Furthermore, the independence of the
MPA electron density on theKp index in the range shown
in the graph agrees with the results of the ATS study [cf.
Garrett et al., 1981a, Figure 4].

The ATS and MPA statistics also agree qualitatively with
respect to the proton temperature (Figure 4c). The abso-
lute values of the ATS 6 data seem to be closer to the
MPA data, while the shape of the MPA proton temperature
curve is closer to the ATS 5 data. TheKp dependence of
the MPA data is negligible, just as shown byGarrett et al.
[1981b].

The MPA curves for the electron temperature (Figure 4d)
agree with the ATS 6 statistics, while the ATS 5 data contra-
dict these results. The reason for this deviation suggested by
Garrett et al.[1981a] is the more quiescent magnetosphere
sampled by the ATS 5 satellite. However, our results do not
show a dusk enhancement inTe during quiet times, as in-
dicated by the ATS 5 measurements. Rather, the primary
Kp effect on the geosynchronous electron temperature dis-
tribution appears from our results to be an increase in the
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average nightside temperature with increasing activity.

6. Summary

Using 1 year’s worth of magnetospheric plasma analyzer
data from three Los Alamos geosynchronous satellites, a
statistical study has been made of the LT andKp depen-
dence of proton and electron fluxes at geosynchronous or-
bit. Displayed as a function of the two independent param-
eters LT andKp, the fluxes show distinct boundaries that
result from a global magnetospheric particle drift process
combined with losses due to charge exchange of the ions
and auroral precipitation of the electrons. The observational
boundaries have been compared with theoretical positions of
separatrices between open and closed drift trajectories calcu-
lated by a Hamiltonian energy conservation approach. Us-
ing a coordinate transformation from Cartesian space to the
(U;B;K) space, the position of the Alfv´en layers as a func-
tion of particle species, energy, local time, and geomagnetic
activity level can be obtained easily. The result confirms
the predictions of plasma sheet access to the geosynchro-
nous region. The statistical distributions presented here have
numerous potential practical applications, such as providing
appropriate initial or boundary conditions for simulations of
ring current evolution.

Selected plasma bulk properties such as the density, tem-
perature, proton pressure, and the average electron temper-
ature, which are obtained from the fluxes, were also statis-
tically evaluated. The shape of the resulting moments dis-
tributions can be explained by the access pattern combined
with loss processes as discussed for the fluxes. The distri-
bution of the average electron temperature, which is a proxy
for spacecraft charging, shows high values in the postmid-
night region. The average electron temperature also tends to
increase with higher geomagnetic activity.

Furthermore, the statistics of the bulk properties have
been compared to a previous statistical analysis of the geo-
synchronous plasma environment byGarrett et al.[1981a, b]
from ATS 5 and ATS 6 measurements. Even though the ab-
solute values of the plasma properties determined from the
two data sets differ from each other because of the differ-
ent energy ranges used in the ATS calculations, the qualita-
tive dependences of MPA and ATS 5 and 6 measured plasma
properties on local time are in agreement with each other.
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